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It is well known that the focal spot of an objective is given by a circular Airy function. 1 When the numerical aperture ͑NA͒ of an objective becomes large, a linearly polarized beam becomes depolarized in the focal region after the refraction by the objective. In other words, if the incident electric field is along the x direction, the diffracted field includes an x component as well as y and z components. The larger the convergence angle of the refracted wave, the stronger the effect of depolarization. Such an effect of depolarization by a high numerical-aperture objective can be described by the vectorial Debye theory, 2 which approximates the diffraction pattern to be a superposition of plane waves whose propagation direction is within the geometrical focal cone. 2, 3 As a result, the size of the focal spot of a high numericalaperture objective becomes broader and smaller in the x and y directions, respectively, than that under the scalar approximation, which leads to an elliptical focal spot. 4 -6 Illuminated by a ring beam, an objective exhibits a complicated nature in the focal region. When the numerical aperture of an objective is low, the use of a ring beam produces a reduced but circular focal spot due to the suppression of the waves of small convergence angles, 4 -6 which is useful for superresolution imaging. 7 However, significantly increasing the numerical aperture and the inner radius of a ring beam leads to a dominant contribution from the waves of high convergence angles. Consequently, the diffracted pattern may be determined by the depolarized components that may not necessarily give a single focal spot. In this letter, we present a theoretical investigation into the electric field near the focus of a high numerical-aperture objective illuminated by a ring beam. It is found that when the numerical aperture is between 0.9 and 1 in free space, the longitudinal component of the electric field at the focus becomes relatively stronger as the obstruction of the ring beam becomes larger and results in a split two-peak focus.
According to the vectorial Debye theory, 2 when a linearly polarized monochromatic plane wave is focused by a high numerical-aperture objective, the electric field in the focal region of the objective can be expressed, if the incident polarization is in the x direction, as
where i, j, and k are the unit vectors in the x, y and z directions, respectively. It is clear that E is depolarized and has three components E x , E y , and E z . Variables r 2 , , and z 2 are the cylindrical coordinates of an observation point. Here the definition of three variables I 0 , I 1 and I 2 is
where J 0 (x), J 1 (x), and J 2 (x) are the zero-order, the firstorder, and the second-order Bessel functions of the first kind, respectively. ␣ and ␤ are the convergence angles of waves corresponding to the outer and inner radii of a ring beam, respectively. The intensity is proportional to the modulus squared of Eq. ͑1͒. Figure 1 gives the contour plots ͑ x ϭkx sin ␣ and y ϭky sin ␣͒ of the normalized intensity ͉E͉ 2 and its components ͉E x ͉ 2 , ͉E y ͉ 2 , and ͉E z ͉ 2 in the x, y, and z directions, respectively, near the focal region of an objective illuminated by a circular beam ͑␣ϭ90°and ␤ϭ0͒. As expected, 5 because of the factors cos(2), sin(2), and cos() in Eq. and J 2 (x), the patterns of ͉E x ͉ 2 , ͉E y ͉ 2 , and ͉E z ͉ 2 exhibit one, four, and two lobes, respectively. Consequently, the focal spot is elongated along the x direction.
However, for ring beam illumination ͑⑀ϭ0.98, where ⑀ is the ratio of the inner radius to the outer radius of a ring beam͒, splitting of the focus into two peaks is visibly clear in the ͉E͉ 2 distribution ͓Fig. 2͑d͔͒. By comparing the shape of this ''two-peak focus'' with the individual plots of ͉E x ͉ 2 , ͉E y ͉ 2 , and ͉E z ͉ 2 , it becomes clear that the focus splitting in Fig. 2͑d͒ is induced by the contribution from ͉E z ͉ 2 . In the circular case (⑀ϭ0), the relative strength or the weighting of ͉E z ͉ 2 is not strong enough to induce the splitting ͓e.g., the peak of ͉E z ͉ 2 is 25 for circular illumination in Fig. 1͑c͒ , while it is 75 for ring beam illumination in Fig. 2͑c͔͒ . The contribution from the ͉E y ͉ 2 component is relatively weak ͓e.g., the peak of ͉E y ͉ 2 is 1.6 for circular illumination in Fig.  1͑b͒ and 11 for ring beam illumination in Fig. 2͑b͔͒ . It is the ͉E x ͉ 2 and ͉E z ͉ 2 components that govern the overall shape of the focus.
To quantify the relative strengths of ͉E respect to each other, we introduce the ratio of ͉E z ͉ 2 /͉E x ͉ 2 . The dependence of ͉E z ͉ 2 /͉E x ͉ 2 on the obstruction radius ⑀ of a ring beam is depicted in Fig. 3͑a͒ . Three values of the numerical aperture, 0.9, 0.95, and 1, are assumed, corresponding the values of the convergence angle ␣, 64.2°, 71.8°, and 90°, respectively. It is seen that ͉E z ͉ 2 /͉E x ͉ 2 increases with the obstruction radius. For NAϭ1, the increase is the most dramatic, reaching up to 1.35 for the limiting case of ⑀→1 ͑or ␤→␣͒. For NAϭ0.95 and NAϭ0.9, ͉E z ͉ 2 /͉E x ͉ 2 reaches up to 0.71 and 0.53, respectively, for the limiting case. This result is in accordance with the notion that the incident beam in the outer region of the pupil becomes more depolarized than that in the inner region. Obstructing the central part of a beam leads to more depolarized rays at the focus, effectively increasing the contribution from ͉E z ͉ 2 to the intensity. It can be conceived that as the obstruction radius becomes larger than a certain value, there is splitting of the focus into two peaks, as shown in Figs. 3͑b͒ and 3͑c͒ .
The characteristic of the shape of the two-peak focus can be described by the peak-to-peak separation ⌬ x and the normalized dip depth ͑defined as the ratio of the depth of the dip between the two peaks to the peak intensity͒. The dependence of ⌬ x and on ⑀ is shown in Figs. 3͑b͒ and   3͑c͒ . Clearly, the splitting of the focus becomes more distinctive as the obstruction radius becomes larger. In the limiting case of ⑀→1 ͑or ␤→␣͒ for NAϭ1, the separation ⌬ x of the two peaks and the dip depth reach up to 2.98 and 44% of the peak intensity, respectively. As expected, the axial dimension of the two-peak focus approaches infinity as ⑀→1.
The splitting of the focus does not appear until the obstruction radius ⑀ reaches a certain threshold value. It can be seen from Figs. 3͑b͒ and 3͑c͒ that a certain amount of the central beam should be suppressed in order to increase the ratio ͉E z ͉ 2 /͉E x ͉ 2 and to result in the splitting. The required ratio ͉E z ͉ 2 /͉E x ͉ 2 to induce such focus splitting is dependent on the value of the numerical aperture. For example, the normalized threshold obstruction radii ⑀ for NAϭ1 and NAϭ0.95 are 0.695 and 0.88, respectively, corresponding the ratios ͉E z ͉ 2 /͉E x ͉ 2 of 0.502 and 0.537. For numerical aperture of 0.9, it is impossible to see any focus splitting, even though the ratio ͉E z ͉ 2 /͉E x ͉ 2 reaches up to the maximum value of 0.53. It is numerically shown that the cut-off numerical aperture for such splitting to disappear is approximately 0.925. It should be pointed that for when NA is larger than unity, which corresponds to focusing by a parabolic mirror, a similar phenomenon to the focal spot splitting effect has been noticed. 8, 9 In conclusion, the relative strength of the depolarized longitudinal component of the electric field diffracted by a high numerical-aperture objective can be significantly increased when an illumination beam is centrally obstructed. As a result, the focus of the objective in free space splits into two peaks. It has been revealed that such splitting occurs only if the size of the central obstruction reaches a threshold depending on the numerical aperture of an objective. The formation of the two-peak focus by an objective illuminated by a ring beam may prove advantageous for producing controllable torque 10 by laser trapping.
